ABSTRACT: Anorexia nervosa (AN) is a psychiatric illness characterized by restricted eating and irrational fears of gaining weight. There is no accepted pharmacological treatment for AN, and AN has the highest mortality rate among psychiatric illnesses. Anorexia nervosa most commonly affects females during adolescence, suggesting an effect of sex and hormones on vulnerability to the disease. Activity-based anorexia (ABA) is a rodent model of AN that shares symptoms with AN, including over-exercise, elevation of stress hormones, and genetic links to anxiety traits. We previously reported that ABA in adolescent female rats results in increased apical dendritic branching in CA1 pyramidal cells of the ventral hippocampus at postnatal day 44 (P44). To examine the long-term effects of adolescent ABA (P44) in female rats, we compared the apical branching in the ventral hippocampal CA1 after recovery from ABA (P51) and after a relapse of ABA (P55) with age-matched controls. To examine the age-dependence of the hippocampal plasticity, we examined the effect of ABA during adulthood (P67). We found that while ABA at P44 resulted in increased branching of ventral hippocampal pyramidal cells, relapse of ABA at P55 resulted in decreased branching. ABA induced during adulthood did not have an effect on dendritic branching, suggesting an age-dependence of the vulnerability to structural plasticity. Cells from control animals were found to exhibit a dramatic increase in branching, more than doubling from P44 to P51, followed by pruning from P51 to P55. The proportion of mature spines on dendrites from the P44-ABA animals is similar to that on dendrites from P55-CON animals. These results suggest that the experience of ABA may cause precocious anatomical development of the ventral hippocampus. Importantly, we found that adolescence is a period of continued development of the hippocampus, and increased vulnerability to mental disorders during adolescence may be due to insults during this developmentally critical period. V C 2014 Wiley Periodicals, Inc.
INTRODUCTION
Anorexia nervosa (AN) is an eating disorder characterized by severe self-starvation, high levels of physical activity, and an irrational fear of gaining weight. AN is often coupled with anxiety disorders (Bulik et al., 2006) , over-exercise (Yates et al., 1983) , and disordered representation of one's own body (Hartmann et al., 2013; Keizer et al., 2013) . The onset of AN most commonly occurs in females at the time of puberty, especially among those who suffered from anxiety disorders during childhood (Kaye et al., 2004) . This epidemiologic pattern suggests that the onset of AN may be triggered by hormonal modulation during puberty, which alters the way the brain handles stressful input long after onset. AN patients face a life-long risk of relapse (Pike, 1998) , suggesting that the brain retains a "memory" of AN. Though relapse may occur later in life, the initial onset of AN rarely occurs after adolescence (Bulik et al., 2006) .
The hippocampus is involved in spatial and cognitive functions and also plays a key role in regulating anxiety (Bannerman et al., 2002; McHugh et al., 2011) . The hippocampus responds to the synchronous exposure to stress and hormonal changes (McLaughlin, Wilson et al., 2010) in ways that are distinct from the exposures to stress alone (McEwen, 1999) or hormonal changes alone Woolley et al., 1990; Woolley and McEwen, 1992; McCarthy and Milner, 2003) . As such, the hippocampus plays a key role in stress-induced anxiety during puberty (Shen et al., 2007; Sabaliauskas et al., 2012) .
Adolescence is a point of vulnerability not only to eating disorders but many other psychiatric illnesses, including addictions, anxiety disorders, major depression, and schizophrenia. A significant body of evidence suggests that the hippocampus may be involved in the vulnerability of the adolescent brain to these disorders. Post-pubertal changes in hippocampal axonal innervation as well as spine density have been reported, suggesting that the hippocampus is not fully mature by puberty (Andersen and Teicher, 2004; Yildirim et al., 2008) . Early life stress has been shown to have a delayed effect on post-pubertal development of the hippocampus (Andersen and Teicher, 2004) and to result in anxiety during adulthood (Sarro et al., 2013) . Additionally, neonatal lesion of the ventral hippocampus, the region shown to preferentially mediate anxiety behaviors (Bannerman et al., 2002; Barkus et al., 2010; McHugh et al., 2011) , results in increased anxiety after puberty onset (Lipska et al., 1993) . These studies suggest that adolescence is an important developmental stage for the hippocampus, especially the ventral region, and hippocampus-dependent behaviors, but knowledge of the neuroanatomical substrates underlying the behavioral changes during adolescence is far from complete. Moreover, these studies suggest that early life experiences or inherent genetic predispositions interact with the neuromaturational processes of adolescence to cause developmental and behavioral deficits that are revealed in adulthood.
To study the effects of pubertal experience on the development of the ventral hippocampus, we have used a rat model of AN called activity-based anorexia (ABA). In this model, rats are given free access to a running wheel for 3 days before they are subjected to a severely restricted feeding schedule. Paradoxically, the animals become hyperactive after the onset of food restriction, running more than they had been running before food restriction and more than the free-fed animals with access to a wheel. We have previously shown that pubertal induction of ABA affects the morphology of hippocampal neurons. ABA results in decreased branching of CA1 hippocampal cells in the dorsal hippocampus, while causing increased branching in the ventral hippocampus (Chowdhury et al., 2013) . However, hippocampal neurons have been shown to recover from stress-induced dendritic changes under certain circumstances (Conrad, 2008 ). In the current study, we analyzed the impact of ABA induction upon subsequent development of the hippocampus. To this end, we analyzed the morphology of CA1 pyramidal cells of the ventral hippocampus immediately after ABA induction, after a 7-day period of recovery, and after a second induction, or "relapse," of ABA. To assess whether the anatomical effects we previously found are specific to puberty, we also examined the effects of ABA in adult rats.
METHODS

Animals and ABA Induction
All experiments were approved by the Institutional Animal Care and Use Committees of the New York State Psychiatric Institute, Columbia University (Animal Welfare Assurance No. A3007-01), and New York University (Animal Welfare Assurance No. A3317-01).
Thirty Sprague-Dawley female rats were purchased from Taconic Farms and delivered to New York State Psychiatric Institute's animal facility on postnatal day 21 (P21).
Twenty-four of these animals were assigned to the adolescent ABA group, while six animals were reserved for the adult ABA group. Figure 1A shows a schematic of the experimental timeline for the adolescent ABA, recovery, and relapse. At P36, the adolescent group was divided into two groups of 12 rats each. Twelve rats, assigned to the ABA group, were housed in cages with access to a running wheel (Med Associates, St. Albans VT), while 12 controls (CON) were housed in standard home cages. All animals had ad libitum access to food at this point. At P40, the beginning of food restriction (FR), all food was removed from the animals with wheel access. From P41 to P43, food was returned to the cages for 1 h per day (the first hour of the dark cycle). On P44, at the end of the last day of food restriction, three control (P44-CON) animals, and five ABA (P44-ABA) animals were euthanized. The seven remaining ABA animals were housed for 7 days in a recovery environment, without a running wheel and with free access to food. At P51, three of the recovered ABA animals (P51-REC) and four controls (P51-CON) were euthanized. The last four ABArecovered animals were returned to the ABA-inducing environment, with free access to the running wheel and 1 h/day of food access, for an additional 4 days. At P55, these animals (P55-RLP) and five controls (P55-CON) were euthanized.
Adult ABA animals (P67-ABA; N 5 3) were housed with a running wheel beginning P57, while P67-CON (N 5 3) animals were housed without access to a running wheel. P67-ABA animals had food access restricted to 1 h/day for 7 days beginning on P60. All six adult animals were euthanized on P67.
Body weight, food intake, and wheel activity (where applicable) were measured daily, starting at P36 and ending when the rats were euthanized.
Perfusion and Golgi Staining
Animals were euthanized by being deeply anesthetized by an intraperitoneal urethane injection (34%; 0.65-0.85 mL/g body weight) prior to transcardial perfusion with phosphate-buffered saline containing heparin (1000 U per 500 mL) followed by 10 min of perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer.
A 3 mm-thick coronal section of the caudal right hemisphere was collected for Golgi impregnation using the FD Rapid GolgiStain kit (FD Neurotechnologies, MD, USA). All staining was done in parallel and in accordance with the provided "Staining Procedure" of the kit, with the exception of Step 4, cresyl violet or thionin counterstain, which was eliminated. Coronal sections 250 lm thick were prepared using a vibratome.
Neuron Tracing and Analysis
Cells selected for analysis met the following criteria: intense Golgi staining and good visibility within a single slide. Ventral hippocampal CA1 pyramidal cells were chosen from coronal sections 25.60 to 26.3 mm from Bregma and 6.00-7.00 mm from the dorsal surface, close to the rhinal fissure as a landmark (Figs. 2A, B) . Cells, including dendritic spines, were drawn by hand using a camera lucida extension on a light microscope and were analyzed following standard Sholl analysis, quantifying the number of intersections that the apical arbor makes with concentric circles drawn in radial increments of 20 mm from the center of the cell body. After determining that both hand-drawn and digital Sholl analysis using Neurolucida Standard software (MicroBrightField, VT, USA) yielded similar results for the same neurons, the remaining cells were traced and analyzed using Neurolucida's software. Neurons were digitally traced onto a computer file and later analyzed using Neurolucida Explorer's built-in Sholl analysis software.
Sholl analysis was performed to quantify the density of dendritic branches from a specified range of distances from the cell body. Two cells were analyzed from each animal, except for some cases in which only one cell met the criteria to be analyzed. The number of cells measured (N) were as follows: CON-P44 N 5 6; ABA-P44 N 5 8; CON-P51 N 5 8; REC-P51 N 5 6; CON-P55 N 5 7; RLP-P55 N 5 10; CON-P67 N 5 6; ABA-P67 N 5 6.
Statistical Analyses
All statistical analyses for significance were computed using the StatSoft STATISTICA software. Student's t test was used to assess the difference when two groups were being compared. One-way ANOVA was used when three or more groups were being compared. Significant pairs were determined using Tukey's HSD post hoc tests. Two-way ANOVA was used when comparing the effects of two factors across groups.
RESULTS
Animal Weight and Wheel Activity
Body weight and wheel activity were measured daily for adolescent ABA and adult ABA experiments. To represent the daily change in body weight, normalized daily body weights were calculated for each animal relative to the animal's weight on the first experimental day, i.e., P36 for the adolescent group and P57 for the adult group. Daily wheel activity was measured as the number of wheel rotations per day and converted into distance in km. All results are reported as mean 6 standard error and are displayed in Figure 1 .
Weight of adolescent CON and ABA animals
To study the effects of ABA on adolescent female rats, we began the study soon after the onset of puberty as defined by Body weight and running wheel activity of CON and ABA animals in adolescence and adulthood. A: A timeline is shown of the experimental procedure of ABA induction, recovery, and relapse. WHL indicates access to a running wheel and FR indicates food restriction. The N values below the timeline indicate the number of ABA, REC, and RLP animals perfused. B: The average daily body weight relative to P36 was calculated as the weight on each day divided by the animal's weight on P36. Data points from P36 to P43 are averages including animals from all six adolescent groups (P44-CON/ABA, P51-CON/REC, P55-CON/RLP). Points from P44 to P50 include the P51 and P55 groups, and points from P51 to P54 include only the P55 groups. *Significance of the difference in relative body weight compared with age-matched CON at a significance level of P < 0.05, **P < 0.001, ***P < 0.0001, & P < 0.00005, and # P < 0.000001. B: For the cohort of adult animals, average daily body weight relative to P57 was calculated in the same way as before. *Statistical significance at P < 0.01 and **P < 0.005, relative to age-matched CON values. C: Wheel activity was computed for 24-h intervals starting at 7 pm on P36. For each animal, an average was obtained for the 4 days before the onset of FR, and the average across animals is reported as "Baseline." "ABA" indicates the average daily activity after the onset of FR, and "RLP" indicates the average daily activity in ABA relapse. "Adult Baseline" and "Adult ABA" indicate the average daily activity in the adult animals before and after FR, respectively. *Statistical significance of the difference from Baseline with P < 0.001, and **P < 0.0001. n/s indicates no significant difference of the Adult ABA, compared to Adult Baseline.
the average age of vaginal opening in rats, P35. Animals entered the experiment at the end of their 36th postnatal day.
CON animals' body weights steadily increased throughout the duration of the experiment (Table 1, Fig. 1B) . Animals in the ABA groups (P44-ABA, P51-REC, and P55-RLP) were acclimated to a running wheel beginning on P37 and were food restricted from P40-P44. On average, CON animals gained slightly more weight than their ABA counterparts on days P37 and P38, likely due to the presence of the wheel in the cage, which gave the rats an opportunity to exercise voluntarily. Relative weight was slightly higher in CON than ABA on P38 and P39, but equalized by P40 at the onset of ABA. After FR began on P40, ABA animals began to lose weight. ABA relative weight was significantly less than CON on days P41, P42, P43, and P44. By the end of the FR period, ABA animals had dropped to 87% of their initial body weight while CON had increased in weight by about 22%. P44-CON and P44-ABA animals were euthanized at this time point, while P51-CON, P51-REC, P55-CON, and P55-RLP animals continued to be weighed daily.
Wheel access was blocked and food restriction was discontinued for 7 days for P51-REC and P55-RLP animals. REC and RLP animals gradually regained body weight, approaching that of CON animals by P49, P50, and P51. At this point, P51-CON and P51-REC animals were euthanized.
During the second induction of ABA from P51 to P55, the running wheel was returned and FR began again for RLP animals. RLP animals again lost weight relative to CON on days P52, P53, P54, and P55.
Wheel activity of adolescent ABA animals
Running wheel activity results corroborated those obtained previously, namely, that animals exhibit hyperactivity after the onset of FR. During ABA, animals ran an average of 1.8 6 0.6 km/day (N 5 11) during the baseline period from P37-40, and this increased more than threefold to 7 6 1 km/ day (N 5 11) after the onset of FR. When the second period of FR began for relapse animals, they immediately began running at high levels, an average of 10 6 1 km/day (N 5 4).
One-way ANOVA indicated that the activity during baseline, ABA, and relapse were significantly different (F(2,23) 5 13.79, P 5 0.00012), with Tukey's post hoc test indicating that the baseline activity was significantly lower than the activity during FR in ABA (P 5 0.0009) as well as relapse (P 5 0.00009), while the activity during relapse was not significantly different from that during ABA (P 5 0.06) (Fig. 1D ).
Weight and wheel activity of adult ABA animals
To study the effects of ABA induction on adult female mice, a second cohort of rats entered the experiment at the end of their 56th postnatal day. CON animals did not have access to a running wheel and did not endure FR. ABA animals were given access to a running wheel beginning on P57. FR began on P60 and continued for 7 days.
From P57 to P60, the relative weight of CON and ABA animals was not significantly different, although animals with access to a running wheel were slightly lower in body weight (Fig. 1C) . By P60, CON animals had gained 7% of their P57 weight, which was not significantly different from animals with running wheel access (CON: 1.07 6 0.02, N 5 3; ABA: 1.004 6 0.007, N 5 3). Once FR began, the ABA animals began to lose weight, albeit more gradually than the adolescent animals, and they continued to do so for the duration of the 7 days of FR. By P67, ABA animals had dropped to 76% of their P57 weight, while CON animals had gained an additional 14% (CON: 1.14 6 0.04, N 5 3; ABA: 0.76 6 0.04, N 5 3).
Wheel activity increased after the onset of FR in adult females (ABA-P67), but it was not significantly greater than baseline activity (pre-FR: 1.5 6 0.6, N 5 3; post-FR: 5.1 6 1.5, N 5 3; t(4) 5 2.27, P 5 0.08) (Fig. 1D) .
Effects of ABA, Recovery, and Relapse on Hippocampal CA1 Pyramidal Cells' Dendritic Branching Relative to Age-Matched Controls
Sholl analysis was performed to quantify the density of dendritic branches at incremental distances from the cell body. Example cells from each experimental group are shown in Figure 2C . Due to the plane of the coronal brain section relative to the orientation of the pyramidal neurons, the most distal portions of the apical dendrites were not consistently retained within the thickness of the 250-lm section. Therefore, analysis was performed only on the dendrites between 80 and 200 lm from the cell body, in stratum radiatum.
Cells from P44-ABA animals showed an increase in branching relative to P44-CON (P44-CON: 2.56 6 0.29 intersections; P44-ABA: 3.89 6 0.37; t(12) 5 22.65, P 5 0.02; Fig.  2A ), confirming the results from our previous study (Chowdhury et al., 2013) . After 7 days of recovery, P51-REC cells were not significantly different from P51-CON (P51-CON: 6.01 6 1.20; P51-REC: 4.75 6 0.50; t(12) 5 0.86, P 5 0.41). The second induction of ABA affected dendritic branching in the opposite direction as the first. P55-RLP cells had decreased branching relative to age-matched controls (P55-CON: (9) 1.081 6 0.025 (7) 6.147 (14) 0.00003 P46 1.267 6 0.011 (9) 1.163 6 0.023 (7) 4.417 (14) 0.0006 P47 1.311 6 0.013 (9) 1.250 6 0.030 (7) 2.049 (14) 0.06 P48 1.312 6 0.017 (9) 1.247 6 0.025 (7) 2.219 (14) 0.04 P49 1.345 6 0.018 (9) 1.295 6 0.029 (7) 1.546 (14) 0.1 P50 1.380 6 0.019 (9) 1.339 6 0.029 (7) 1.226 (14) 0.2 P51 1.403 6 0.019 (9) 1.385 6 0.031 (7) 0.522 (14) 0.6 P52 1.434 6 0.019 (5) 1.182 6 0.020 (4) 9.140 (7) 0.00004 P53 1.484 6 0.022 (5) 1.176 6 0.024 (4) 9.427 (7) 0.00003 P54 1.476 6 0.024 (5) 1.128 6 0.024 (4) 9.990 (7) 0.00002 P55 1.508 6 0.029 (5) 1.118 6 0.022 (4) 10.362 (7) 0.00002 3.70 6 0.33; P55-RLP: 2.15 6 0.25; t(15) 5 3.49, P 5 0.003). When ABA was induced for the first time in adulthood, there was no effect on the apical branching of CA1 (P67-CON: M 5 2.88 6 0.46; P67-ABA: 2.69 6 0.30; t(10) 5 0.36, P 5 0.72). When ABA was induced in adult rats, no significant difference in apical dendritic branching was found relative to agematched CONs (CON-P67: 2.88 6 0.46; ABA-P67: 2.69 6 0.30; t(9) 5 20.36, P 5 0.72; Fig. 2A) , indicating that the vulnerability to ABA-induced morphological change in the stratum radiatum of the ventral hippocampus is age-dependent.
Development of CA1 Pyramidal Cells of the Ventral Hippocampus of Control and ABA Groups During Adolescence
One-way ANOVA revealed a significant effect of age on dendritic branching of CON cells among the three groups: P44-CON, P51-CON, and P55-CON (F(2, 21) 5 5.04; P 5 0.02) (Fig. 2B ). Unequal N HSD post hoc analysis showed that branching was significantly increased from CON-P44 to CON-P51 (CON-P44: 2.56 6 0.29; CON-P51: 6.00 6 1.20; P 5 0.03); the number of branches more than doubled during these 7 days of adolescence. CON-P55 cells (3.70 6 0.33) had fewer branches than CON-P51 (6.00 6 1.20), but the difference did not reach significance (P 5 0.10).
The effect of age in the ABA groups was strikingly different from that of controls. We assessed the effect of age on ABA treatment by comparing cells from animals that had undergone ABA (P44), recovery (P51), and relapse (P55). One-way ANOVA showed a significant effect of age on stratum radiatum branching in ABA for the three age groups (F(2, 18) 5 11.783; P 5 0.0005), but unequal N HSD post hoc test showed that the increase in branching seen in CON from P44 to P51 did not occur after ABA. In fact, there was no difference in branching from P44 to P51 (P44-ABA: 3.89 6 0.37; P51-REC: 4.75 6 0.50), while cells at P55 (2.15 6 0.25) had significantly fewer branch points than at P44 (P 5 0.01) and P51 (P 5 0.0008) (Fig. 2C) .
Dendritic Spine Analysis
Spine density analysis was conducted at the three timepoints of P44, P51, and P55 to study the effects of age on overall spine density as well as the relative densities of immature thin spines and mature spines (mushroom and stubby spines). Two-way ANOVA indicated that there was no difference in the total spine density across ages and between CON and ABA (F(2,16) 5 0.17, P 5 0.84). There was a main effect of ABA having greater total spine density than CON when all ages were combined (F(1,16) 5 9.82, P 5 0.006).
Dendritic spines were categorized based on their morphological characteristics into three groups: thin (immature), stubby, and mushroom spines. The relative proportion of mature spines was calculated for each dendrite as the ratio of the density of mushroom and stubby spines to the total spine density (Fig. 3D) . One-way ANOVA of the proportion of mature spines on CON dendrites indicated that mature spines became more abundant with age (P44-CON: 0.31 6 0.02, N 5 3; P51-CON: 0.47 6 0.07, N 5 4; P55-CON: 0.50 6 0.02, N 5 5; F(2,9) 5 24.4473, P 5 0.045). Fisher's LSD post hoc test showed that the proportion of mature spines at P44 was significantly lower than at P51 (P 5 0.04) and P55 (P 5 0.02). There was not a significant change in the fraction of mature spines with age in the P44-ABA, P51-REC, and P55-RLP animals. The average fraction of mature spines at P44, after ABA, was similar to that of the P55 CONs (P44-ABA: 0.5060.07, N 5 4; P51-REC: 0.56 6 0.07, N 5 3; P55-RLP: 0.60 6 0.04, N 5 3).
DISCUSSION
Development of CA1 pyramidal cells in the ventral hippocampus during adolescence for female rats
In this study, we show that the post-pubertal female hippocampal CA1 pyramidal cells exhibit a transient doubling of apical dendritic branching around P51. This is a previously unreported aspect of normal hippocampal development in the absence of any environmental manipulations. We found that this growth spurt is followed by a decrease in dendritic branching, which is likely the result of pruning branch points as a part of the maturation process. This result is consistent with that of Andersen and Teicher (2004) who suggested that a transient overproduction of synapses is a feature of normal adolescent development of the hippocampus. The previous study had shown that axonal innervation of CA1 transiently increases in density, and our results confirm that the postsynaptic mechanism for increasing synaptic density is by increasing the number of dendritic branches per cell while maintaining a constant density of spinous protrusions on those dendrites. Our results also indicate that while spine density does not change as the animals approach adulthood, the proportion of mature spines continues to increase. This suggests that after the period of synapse overproduction, the pruning of spines selectively eliminates immature spines while retaining the stronger, more mature, spines. Our analysis was confined to the stratum radiatum layer of the ventral hippocampus, where CA1 pyramidal cell dendrites receive inputs via the Schaffer collateral pathway from CA3 pyramidal cells (Amaral and Witter, 1989) ; thus, our results suggest that adolescence is a developmental period responsible for refining at least the ventral CA3-to-CA1 pathway.
Development of the CA1 Pyramidal Neurons of the Ventral Hippocampus of Adolescent Female Rats is Altered by ABA
At P44, soon after the first experience of ABA, CA1 pyramidal cells of the ventral hippocampus show hypertrophy in ABA animals relative to na€ ıve controls. We had previously hypothesized that the experiences of exercise and FR may cause increased BDNF expression in the ventral hippocampus, inducing the growth of dendritic branches (Neeper et al., 1996; Gomez-Pinilla et al., 1997; Lee et al., 2002; Stranahan et al., 2007; Gelegen et al., 2008; Stranahan et al., 2009 ). The current results, showing that CON cells exhibit a dramatic proliferation of dendrites, suggest that the hypertrophy in ABA-P44 cells is analogous to the increase in CON from P44 to P51, but occurring at an earlier time-point (from P40 to P44). We additionally showed that after re-exposure to ABA induction from P51 to P55 (RLP-P55), at P55, these cells have decreased branching relative to CON-P55. Relative to the first ABA, the induction of a second ABA at P51 had an effect that was the opposite of that seen at a younger age. We suggest that the reduced dendritic branching in RLP-P55 cells may be the effect of precocious dendritic pruning in animals that have experienced ABA. That is, that the pruning of branches following the transient over production seen at P51 for CON also occurs sooner (by P44) in the animals that experienced ABA. By P55, both ABA and CON dendritic arbors are approaching the average number of branches observed in adult animals. The composition of dendritic spines after ABA at age P44 was similar to the P55 CON animals, having a higher proportion of mature spines than age-matched CONs. Again, as was seen for the dendritic branching pattern, the spine morphology results suggest precocious maturation induced by the ABA environment.
The transient increase in dendritic branching with no change in total spine density indicates a net increase in the total number of excitatory synapses onto the pyramidal cells. The increase in the proportion of mature spines suggests that the individual excitatory synapses would be stronger and more persistent (Ziv and Smith, 1996) . However, it is not possible to speculate on how the excitability of these cells changes during adolescence without measuring the number, size, and strength of inhibitory synapses as well as the contribution of tonic inhibition via non-synaptic GABA receptors, which increases, at least in the dorsal CA1, from P51 to P55 (Wang, Chowdhury, Barbarich-Marsteller and Aoki, unpublished observations).
We propose that the morphological changes to the CA1 pyramidal cells in response to ABA are the result of an acceleration of the normal developmental course of the hippocampus. The evidence supporting this theory includes events that we see happening at an earlier age in animals that experienced ABA:
Spine density analysis shows that the proportion of mature spines increases with age in CON and with the experience of ABA. A: Projection of a Golgi-stained apical dendrite in stratum radiatum created by joining portions in different planes of focus. Scale bar indicates 10 lm. B: Neurolucida tracing including spines of the dendrite in panel A. Arrows in inset point to spines categorized as mature spines. C: Total spine density measured in stratum radiatum showed no change with age in CON or ABA groups, while the ABA groups had a greater density than CON with P < 0.01. D: The proportion of spines with a more mature morphology was shown to increase with age in CON groups, while ABA groups showed no effect of age. *Statistically significant difference of P44-ABA, relative to P44-CON in post hoc test with P < 0.05. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
(1) an increase in branching of CA1 pyramidal cell apical dendrites (overproduction of synapses), (2) a subsequent decrease in branching (pruning), and (3) an increase in the proportion of mature dendritic spines.
Importantly, our results suggest that once this post-pubertal period of developmental growth and pruning of synapses is complete, CA1 pyramidal cells of the ventral hippocampus are no longer vulnerable to the large-scale dendritic changes induced by pubertal ABA. When ABA is induced at P60, no change in the dendritic structure of CA1 cells was found and FR-evoked hyperactivity was much less than during adolescence, despite the extended period of time in the ABA environment, consisting of 7 days of food restriction. This approach was taken because adult ABA animals develop more severe levels of running and weight loss when maintained in a more chronic environment (e.g., at least 7-10 days; BarbarichMarsteller, unpublished data). Thus, we suggest that (1) adolescence is a period of robust development of the CA1 hippocampus, (2) puberty opens a critical period for extensive, experience-dependent modifications in the dendritic structure of the CA1 hippocampus; and that (3) ABA induction, consisting of food restriction and excessive exercise, accelerates the closure of the critical period.
